The role of nitric oxide (NO) in lung injury remains unclear. Both beneficial and detrimental roles have been proposed. In this study, we used mutant mice lacking the inducible nitric oxide synthase (iNOS) to assess the role of this isoform in sepsis-associated lung injury. Wild-type and iNOS knockout mice were injected with either saline or Escherichia coli endotoxin (LPS) 25 mg/kg and killed 6, 12, and 24 h later. Lung injury was evaluated by measuring lactate dehydrogenase activity in the bronchoalveolar lavage, pulmonary wet/dry ratio, and immunostaining for nitrotyrosine formation. In the wild-type mice, LPS injection elicited more than a 3-fold rise in lactate dehydrogenase activity, a significant rise in lung wet/dry ratio and extensive nitrotyrosine staining in large airway and alveolar epithelium, macrophages, and pulmonary vascular cells. This was accompanied by induction of iNOS protein and increased lung nitric oxide synthase activity. By comparison, LPS injection in iNOS knockout mice elicited no iNOS induction and no significant changes in lung NOS activity, lactate dehydrogenase activity, lung wet/dry ratio, or pulmonary nitrotyrosine staining. These results indicate that mice deficient in iNOS gene are more resistant to LPS-induced acute lung injury than are wild-type mice. Kristof AS, Goldberg P, Laubach V, Hussain SNA. Role of inducible nitric oxide synthase in endotoxin-induced acute lung injury. AM J RESPIR CRIT CARE MED 1998;158:1883-1889.
Acute respiratory distress syndrome (ARDS) and gram-negative sepsis are major causes of mortality in intensive care units treating more than 500,000 patients per year in the United States (1) . ARDS is characterized by hypoxemia, pulmonary infiltrates, and the absence of an elevated pulmonary capillary wedge pressure (1) . Several clinical conditions have been associated with the development of ARDS, with severe infection being the most common condition. Pathologic changes in ARDS include neutrophil sequestration in the lungs, intravascular coagulation, disruption of pulmonary capillary integrity leading to pulmonary edema, and increased shunt fraction (1) . The majority of these pathologic features of human ARDS have also been observed in experimental animals in response to systemic infusion of live bacteria or endotoxin of gram-negative bacteria.
Numerous mediators have been implicated in ARDS and sepsis-associated lung injury such as inflammatory cytokines, platelet activating factor, prostglandins, thromboxanes, and reactive oxygen species (2) . There is more recent evidence that nitric oxide (NO) plays a significant role in the pathogenesis of acute lung injury. NO is a second messenger molecule that is synthesized by a group of hemoproteins known as nitric oxide synthases (NOS) (3) . In normal lungs, NO is synthesized by two constitutive NOS isoforms, the neuronal (nNOS) and the endothelial (ecNOS) isoforms, which are localized at airway epithelial cells, pulmonary vascular endothelial cells, and noncholinergic, nonadrenergic nerve fibers (4) . The third (inducible) isoform of NOS (iNOS) is known to be induced in many cell types in response to inflammatory cytokines, and LPS exposure and has also been identified in large epithelial cells of normal animals and humans (5, 6) .
There are conflicting conclusions regarding the nature of NO contribution to the pathogenesis of acute lung injury. A beneficial role for NO is based on the observation that NO inhibits neutrophil migration and cytokine production and that NOS inhibitors worsen acute lung injury (7) (8) (9) . There is evidence, on the other hand, that induction of iNOS may play a harmful role by directly inducing tissue damage and through the formation of peroxynitrite (10, 11) . In addition, inhibitors of NOS activity have also been reported to attenuate lung injury and reduce the formation of peroxynitrite (12, 13) . The controversy regarding the role of iNOS in acute lung injury could be attributed to the lack of isoform-specific NOS inhibitors. Most of the available iNOS inhibitors are likely to inhibit the activity of not only other NOS isoforms but other enzymes such as those mediating prostaglandin synthesis (14) . Another deficiency of previous studies on the role of iNOS in acute lung injury is that the contribution of other NOS isoforms to enhanced NO production was not evaluated despite evidence of increased NO release by constitutive NOS isoforms in response to cytokines and LPS (15) .
In this study, we assessed the role of iNOS in the pathogenesis of LPS-induced lung injury by using mice in which the iNOS gene has been disrupted (knockout). Unlike the use of NOS inhibitors, the iNOS knockout mouse model provides complete and selective elimination of iNOS activity. Three groups of investigators developed iNOS knockout mice and studied the importance of iNOS in immunologic and cardio-vascular response to LPS injection (16) (17) (18) . Failure to induce iNOS expression in these mice has been shown to be either protective (17, 18) or had no influence (16) on LPS-induced mortality. In addition, MacMicking and colleagues (17) reported that the changes in systemic nNOS and ecNOS mRNA expressions in response to LPS injection are similar between wild-type and iNOS knockout mice. Unlike the vascular responses, little is known about LPS-induced organ failure in iNOS knockout mice. Although hepatotoxicity is similar in wild-type and iNOS knockout mice (17) , lymphocyte apoptosis appears to be significantly elevated after LPS injection in iNOS knockout mice compared with wild-type mice.
In this study, we evaluated the differences in the degrees of anatomic and biochemical indices of LPS-induced acute lung injury in wild-type and iNOS knockout mice. Our results indicate that LPS injection in wild type mice elicits a significant degree of acute lung injury that is associated with extensive nitrotyrosine formation and induction of iNOS protein. Mice lacking the iNOS gene showed significantly milder degrees of acute lung injury and less extensive pulmonary nitrotyrosine formation than did wild-type mice. Thus, a genetically caused absence of NO formation by iNOS attenuates acute lung injury in the murine model of septic shock. 
METHODS

Reagents
Animal Preparation
All experiments were approved by the Animal Care Committee of McGill University. F 2 B6/129 hybrid iNOS knockout mice were generated as mentioned previously (16) . Wild-type B6/129 hybrid mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred to obtain an F 2 generation to serve as experimental control mice. Twelve groups of animals (n ϭ 6 for each group) were studied. Six groups of iNOS knockout mice were injected intraperitoneally with either 25 mg/kg E. coli lipopolysaccharides (serotype 055:B5, KO ϩ LPS) or an equivalent volume of sodium chloride (KO Ϫ LPS) and killed 6, 12, and 24 h later. Similarly, six groups (WT ϩ LPS and WT Ϫ LPS) of wild-type B6/129 hybrid mice were injected with either E. coli LPS or sodium chloride and killed after 6 , 12, and 24 h. LPS-and saline-injected mice were matched for age, sex, and weight. Mice ranged from 10 wk to 6 mo of age.
Bronchoalevolar Lavage
At the end of the experimental period, the animals were anesthetized by asphyxiation (dry ice in a dessicator chamber) and their tracheas were exposed. Bronchoalveolar lavage (BAL) was performed by injecting 3 ml of phosphate buffer solution (PBS) at pH 7.4 through a silastic catheter, and fluid was then collected by gentle suction. BAL fluid was centrifuged for 10 min at 1,800 rpm and the supernatant was collected for lactate dehydrogenase (LDH) assay.
Lung Tissue Sampling
After BAL, 3 ml of PBS were then injected directly into the right ventricle in order to clear the pulmonary circulation of blood cells. For immunoblotting experiments, lungs were removed, cleared of extraneous tissue, blotted dry, snap-frozen in liquid nitrogen, and stored at Ϫ 80 Њ C. For regular staining and immunostaining, lungs were removed en bloc, placed in 10% paraformaldehyde and perfused via a tracheal catheter with 10% paraformaldehyde for 8 h. After fixation, lungs were stored in 6% sucrose solution with sodium azide at 4 Њ C. In a separate set of experiments, we measured lung wet/dry ratios by removing the lungs after 12 h of LPS or saline injection in wild-type and iNOS knockout mice. Lungs were weighed and then dried in an oven at 50 Њ C for 12 h.
LDH Assay
BAL LDH activity was measured using a Sigma LDH determination kit (Sigma Chemical). Two hundred microliters of BAL supernatant were added to 2.5 ml Reagent A for 1 min followed by the addition of 100 l of Reagent B. Absorbance at 340 nm was recorded every minute for 3 min in order to confirm the linearity of the reaction. LDH activity was expressed in U/L. The assay was linear for increasing LDH concentrations using LDH standard (Sigma Chemical). The assay is also linear over the 3-min time period.
Lung Histology
To assess the degree of lung damage, the lungs were obtained after 12 h of LPS injection in wild-type and iNOS knockout mice (three animals in each category). We chose a 12-h time period because of our extensive preliminary experiments, which indicated that the degree of pulmonary histologic abnormalities and the intensity of nitrotyrosine staining peak after 12 h of LPS injection, with a gradual decline to normal values within 48 h after LPS injection. Serial slices from apex to base were acquired, and three random sections were selected from each lung. Sections 8 m thick were stained with hematoxylin-eosin and submitted to a pathologist who was blinded as to the treatment groups. Ten fields were chosen randomly from each section (a total of 30 fields per animal) and were examined at a magnification ϫ 250. A separate grade from 0 to 3 was calculated for each field depending on the presence or absence of the following: cellular infiltration, airspace cellularity and air-space exudate, and hemorrhage. For each variable, a single score was calculated per animal by summing the field scores. Moreover, a total lung injury score was calculated as the sum of the three components.
For nitrotyrosine immunostaining, 8-m lung sections ( see above ) were hydrated with PBS solution, treated with xylene, and blocked with PBS containing 10% normal donkey serum. After washing, the slides were incubated with primary polyclonal antinitrotyrosine antibody (2 g/ml) overnight at 4 Њ C. After three washes, the slides were probed with biotinylated donkey antirabbit secondary antibody followed by treatment with the avidin-biotin-peroxidase complex. Sites of immunoreactions were visualized by immersing sections in a solution of diaminobenzidine and hydrogen peroxide. Counterstaining was performed with hematoxylin. A similar protocol was used for negative control sections, except primary antibody was replaced with rabbit IgG. Specificity of primary antibody was also assessed by preexposure of the antibody to 10 mM of pure nitrotyrosine.
NOS Activity
Frozen lung samples were homogenized in six volumes (wt/vol) of homogenization buffer (pH, 7.4; 10 mM HEPES buffer; 0.1 mM EDTA; 1 mM dithioreitol; 1 mg/ml phenylmethylsulfonylfluoride; 0.32 mM sucrose; 10 g/ml leuopeptin; 10 g/ml aprotinin; 10 g/ml pepstatin A). The crude homogenates were centrifuged at 4 Њ C for 15 min at 10,000 rpm. The supernatant (50 l) was added to prewarmed (37 Њ C) 10-ml tubes containing 100 l of reaction buffer of the following composition: 50 mM KH 2 PO 4 , 60 mM valine, 1.5 mM NADPH, 10 mM FAD, 1.2 mM MgCl 2 , 2 mM CaCl 2 , 1 mg/ml bovine serum albumin, 1 g/ml calmodulin, 10 M tetrahydrobiopterin, and 25 l of 120 M stock L - [2,3- 3 H]arginine (150 to 200 cpm/pM). The samples were incubated for 30 min at 37 Њ C and the reaction was terminated by the addition of cold (4 Њ C) stop buffer (pH, 5.5; 100 mM HEPES; 12 mM EDTA). To obtain free L -[ 3 H]citrulline for the determination of enzyme activity, 2 ml of Dowex 50w resin (8% cross-linked, Na ϩ form) were added to eliminate excess L - [2,3- 3 H]arginine. The supernatant was assayed for L -[ 3 H]citrulline by using liquid scintillation counting. Enzyme activity was expressed in picomoles of L -citrulline produced/ min/mg total protein. Protein concentration was measured by the Bradford technique with bovine serum albumin as standard. NOS ac-tivity was also measured in the presence of 1 mM of N G -nitro-L -arginine methyl ester (NOS inhibitor). Total NOS activity was calculated as the difference between that measured in the presence of Ca 2 ϩ and calmodulin and that measured in the presence of N G -nitro-L -arginine methyl ester.
Immunoblotting
The supernatants (80 g) of lung homogenates ( see above ) were heated for 15 min at 90 Њ C and then loaded on gradient (4 to 12%) TRISGlycine SDS-polyacrylamide electrophoresis. Proteins were electrophoretically transferred onto PVDF membranes and were blocked overnight (4 Њ C) with 5% nonfat dry milk and subsequently incubated with primary monoclonal anti-iNOS, anti-ecNOS, or anti-nNOS antibodies. Lysate of cytokine-activated murine macrophages, human endothelial cells, and rat pituitary were used as positive control, respectively. Specific proteins were detected using horseradish-peroxidase-conjugated antimouse secondary antibody and chemiluminescence reagents provided with the ECL kit (Amersham Canada Inc.). Predetermined molecular weight standards were used as markers.
Data Analysis
Data are shown as means Ϯ standard errors of the means. Statistical differences between mean values were detected by Student's t test. The two-way analysis of variance test was employed in order to calculate statistical heterogeneity for mean lung histology scores, BAL LDH values, NOS activity, and wet/dry ratios both between and within treatment groups at different time points after LPS injection.
RESULTS
Within 3 to 4 h of LPS injection, both iNOS knockout and wildtype mice appeared ill when compared with saline-injected mice. This was characterized by decreased spontaneous movement, decreased reaction to threatening stimuli, and a white periconjunctival exudate. None of the animals died during the 24-h experimental period. On gross examination, there was no apparent difference between lung from knockout or from wild-type mice whether or not they were treated with LPS or with saline.
Hematoxylin-eosin staining in wild-type mice injected with LPS revealed widespread alveolar wall thickening caused by edema, interstitial infiltration with neutrophils and macrophages, as well as significant air-space cellularity and exudation ( Figure 1, lower panel ) . Adhesion of neutrophils to endothelial cells of pulmonary vessels was also found in a few fields. We should emphasize that the extent of these histologic abnormalities peaks after 12 h of LPS injection, with a gradual recovery within 48 h of LPS injection. By comparison, iNOS knockout mice injected with LPS also showed interstitial infiltration and air-space cellularity (Figure 1, middle panel ) ; however, the degree of these changes was significantly less than that of the wild type mice (Table 1) . Like the wild-type mice, iNOS knockout mice injected with saline showed normal lung histology (Figure 1, upper panel ) .
The changes in BAL LDH activity in various groups are illustrated in Figure 2 . No significant changes were observed through the experimental periods in the LDH activity of wildtype and of iNOS knockout mice injected with saline. A significant rise was, however, observed in LDH activity of wild type mice after 12 and 24 h of LPS injection (p Ͻ 0.01 compared with wild-type LPS mice). By comparison, LPS injection in iNOS knockout mice elicited no significant rise in BAL LDH activity. Hence, LDH activity after 12 and 24 h of LPS injection was significantly higher than that measured at equivalent time in LPS-injected iNOS knockout mice (p Ͻ 0.01). The changes in lung wet/dry ratio measured after 12 h of saline or LPS injection are shown in Figure 3 . LPS injection in wild-type mice elicited a significant rise in wet/dry ratio when compared with saline-injected wild type mice (p Ͻ 0.01). No significant differences were observed in lung wet/dry ratio between LPS-and saline-injected iNOS knockout mice ( Figure  3) , and values of wet/dry ratios in both groups were significantly lower than that of LPS-injected wild type mice (p Ͻ 0.01).
LPS injection in wild-type mice elicited a significant rise in lung NOS activity, which peaked at 6 h (p Ͻ 0.01 compared with WT Ϫ LPS, KO ϩ LPS, and KO Ϫ LPS) and then declined thereafter (Figure 4 ). By comparison, there were no significant changes in lung NOS activity in wild-type mice injected with saline or iNOS knockout mice injected with LPS or saline ( Figure 4) .
A representative immunoblot of lung samples obtained from various experimental groups is shown in Figure 5 . In wild-type Notice that LPS injection in wild-type mice elicited a significant rise in lung NOS activity, whereas no significant alterations in lung NOS activity were detected in iNOS KO mice injected with LPS. Neither wild-type nor iNOS KO mice showed any changes in lung NOS activity in response to saline injection. ** , *p Ͻ 0.01 and 0.05 compared with wild-type ϪLPS, respectively. § §, § p Ͻ 0.01 and 0.05 compared with iNOS KOϩLPS, respectively. mice, no iNOS protein was detected in any of the animals injected with saline (control lane). Injection of LPS elicited a prominent iNOS expression within 6 h, with weak expression evident after 12 h. Expression of iNOS completely disappeared after 24 h of LPS injection. Neither saline-injected (control lane) nor LPS-injected iNOS knockout mice showed any evidence of iNOS protein expression ( Figure 5 ). We detected weak ecNOS and nNOS expressions in lung samples obtained from wild-type and iNOS knockout mice, and LPS injection had no significant effects on the expression of these two isoforms (Figure 6 ).
Immunostaining of lung samples with antinitrotyrosine antibody is shown in Figure 7 . In saline-injected wild type mice, weak nitrotyrosine staining was detected in the epithelial cells of large airways (not shown). However, injection of LPS in the wild type mice elicited widespread nitrotyrosine staining in airway and alveolar epithelial cells (panel A), alveolar and interstitial macrophages (panel B), and endothelial and smooth muscle cells of pulmonary vessels (panel C). Proteinaceous alveolar exudate also stained positively for nitrotyrosine (panel B). By comparison, only weak expression of nitrotyrosine was detected in airway epithelial cells and blood vessels of LPS-injected iNOS knockout mice ( Figure 7, panel D) . Nitrotyrosine staining was completely eliminated when primary antibody was incubated with 40 mM nitrotyrosine prior to immunostaining (not shown).
DISCUSSION
The main finding of our study was that injection of LPS in wild-type mice elicited acute lung injury as indicated by the significant rise in BAL LDH activity, increased pulmonary wet/dry ratio, and extensive nitrotyrosine formation in various pulmonary cells. These indices of lung injury were accompa- nied by expression of iNOS protein. By comparison, the extent of LPS-induced acute lung injury and the intensity of nitrotyrosine staining were significantly milder in mice deficient in iNOS gene when compared with wild-type mice.
Animals with selective genetic alterations in a single NOS isoform provide excellent experimental models without the inherent deficiencies of NOS inhibitors. We used in this study mutant mice lacking iNOS gene to assess whether iNOS plays a significant role in the induction of lung injury (16) . Three groups of investigators studied the cardiovascular and immunologic response to LPS injection in iNOS deficient mice (16) (17) (18) . Although these investigators agree that deficient iNOS expression impairs host defense against Listeria and Leismania major infections, they disagree with respect to the sensitivity of these mice to LPS-induced death. Although MacMicking and colleagues (17) and Wei and associates (18) concluded that the absence of iNOS induction offers protection against death induced by high doses of LPS, Laubach and colleagues (16) reported that iNOS-deficient mice have a resistance to LPS-induced death similar to that of wild-type mice. Our results indicate that both wild-type and iNOS knockout mice were equally resistant to the lethal effects of endotoxemic shock. These differences can be attributed to various factors such as the use of anaesthesia (as in the study of MacMicking and colleagues), which impairs centrally mediated cardiovascular reflexes and, therefore, enhances LPS-induced cardiovascular failure. Another important factor in determining the mortality to LPS injection is the genetic background of various mice strains (19) . Whereas Wei and colleagues (18) compared MF1/ 129-derived iNOS knockout mice of unspecified generation with outbred MF1 mice, we and Laubach and colleagues controlled for both the genetic background and the generation. Finally, the difference in the rate of LPS-induced death between various iNOS knockout mice models can be attributed to differences in the dose, the method of administration, and the strain of E. coli endotoxin.
Interestingly, in contrast to the finding of MacMicking and colleagues (17) of a similar level of LPS-induced hepatotoxicity and similar elevations in serum LDH concentration among wild-type and iNOS knockout mice, we found that iNOS mutant mice generated significantly lower BAL LDH activity, pulmonary wet/dry ratios, and pulmonary nitrotyrosine expression after LPS injection compared with wild-type mice. These results suggest that LPS induces a milder form of acute lung injury in iNOS knockout mice than in wild-type mice.
ARDS is a common complication of diverse clinical problems, including trauma and sepsis, and is characterized by pulmonary capillary-alveolar injury and defective gas exchange (1) . The findings that injection of LPS in animals induces acute noncardiogenic pulmonary edema and other features of human ARDS suggest that LPS plays a central role in the pathogenesis of sepsis-associated lung injury (20) . A number of mediators contribute to the pathogenesis of lung injury in sepsis. Activation of complement and subsequent neutrophil infiltration are essential events in the induction of organ injury. The rise of adhesion molecule expression and the release of inflammatory cytokines such as tumor necrosis factor (TNF) and interleukin-1 (IL-1) are secondary phenomena that lead to the release of local mediators such as platelet-activating factor, prostaglandins, leukotrienes, oxygen radical species, and NO. These local mediators are involved in cell structural damage as well as of capillary endothelial integrity and tissue edema (1) .
The notion that NO is involved in acute lung injury is based on the observations that endotoxemia and sepsis are associated with increased pulmonary NO production (6, 7, 21). However, whether augmented pulmonary NO production serves positive or deleterious roles in normal lung function remains a debatable issue. The findings that NO inhibits neutrophil migration and reduces lung injury suggest that NO plays a beneficial role in attenuating acute lung injury (9) . Furthermore, Iuvone and colleagues (8) reported that NO inhibits LPSinduced TNF release in vivo and in vitro. NO is also known to inhibit the activity of NF-B, the essential nuclear factor for cytokine production (22) . The observations that administration of iNOS inhibitor (aminoguanidine) increased lung edema and worsened indices of lung injury in mice injected with LPS (7) confirm a beneficial role for iNOS.
There is a growing belief, on the other hand, that excessive NO production by iNOS plays an important role in the induction of lung injury in patients with ARDS. This belief is based on three major observations. Firstly, iNOS expression in many pulmonary cell types coincides with the development of lung injury in septic humans and animals (6, 23, 24) . Secondly, infusion of NOS inhibitors attenuates lung injury and microvascular leakages induced by endotoxemia (12, 25) . Thirdly, extensive nitrotyrosine staining, the footprint of peroxynitrite formation, has been detected in lung sections of humans and animals with acute lung injury and coincides with iNOS expression (11) .
A major shortcoming of studies dealing with the role of iNOS in lung injury has been the reliance on pharmacologic inhibitors. The diversity of modes of action and the presence of numerous molecular targets for NO renders reliance on NOS inhibitors in delineating the role of iNOS quite difficult. Moreover, most of the available selective iNOS inhibitors also influence ecNOS and nNOS, both of which are expressed in numerous pulmonary cell types and play important roles in the regulation of pulmonary blood flow, airway tone, and epithelial cell function (4). These constitutive isoforms and particularly ecNOS are known to be activated by LPS and may contribute to increased pulmonary NO production in sepsis (15, 24) . Finally, there is evidence that NOS inhibitors may influence inflammatory processes through inhibition not only of NOS isoforms but of prostaglandin production (14) .
Our results indicate that iNOS-deficient mice develop significantly milder acute lung injury after LPS injection than do wild-type mice. Interestingly, the absence of iNOS induction after LPS injection in iNOS-deficient mice was not associated with changes in pulmonary nNOS or ecNOS expressions (Figure 6 ). This finding is in agreement with that of MacMicking and colleagues (17) regarding nNOS and ecNOS mRNA expression in various organs after LPS injection. Thus, production of NO by the constitutive NOS isoforms that are normally expressed in pulmonary cells does not appear to increase in compensation for iNOS deficiency.
There exist several mechanisms through which relatively high levels of NO produced by iNOS mediate lung injury. Reaction of NO with superoxide anions produces peroxynitrite, which is a highly oxidative species and is capable of nitrating tyrosine residues of numerous proteins, leading to the formation of nitrotyrosine. High levels of nitrotyrosine formation detected by specific antibody has been shown to develop in human acute lung injury (11, 26) and LPS-injected animals (13) . Our results confirm that LPS injection elicited extensive nitrotyrosine formation in alveolar macrophages, endothelial and vascular smooth muscle cells, and epithelial cells of wildtype mice that correlated with indices of cell death and pulmonary edema. Other pathways involved in NO and peroxynitrite-mediated tissue injury includes oxidation of sulfhydryl groups, DNA cleavage, lipid peroxidation, inhibition of mitochondrial respiration, inactivation of ␣1-proteinase inhibitor, alteration in pulmonary surfactant, and inhibition of ion transport in the epithelial cells (10, (27) (28) (29) (30) . Another likely mechanism through which iNOS expression may augment the extent of acute lung injury is through potentiation of cytokine production by inflammatory cells (31) . Previous experiments have revealed, however, that LPS injection elicits a similar rise in plasma TNF, IL-1, and IL-6 concentrations in iNOS knockout and wild-type mice (17) .
It could also be argued that iNOS expression aggravates LPS-induced acute lung injury by influencing the adhesion of inflammatory cells to the pulmonary vascular endothelial cells, leading eventually to worsening of vascular leakage and pulmonary edema (32) . This mechanism could explain the differences in pulmonary cellular infiltration and lung edema between iNOS knockout mice and wild-type mice. However, more direct evidence is required to confirm the role of iNOS in determining the degree of adhesion between inflammatory cells and endothelial cells.
An interesting observation in our study was that despite the absence of iNOS expression in iNOS knockout mice, weak nitrotyrosine staining could still be detected in large airway epithelial cells. Similar staining has been reported in normal human lungs (26) . These observations suggest that low levels of peroxynitrite exist in normal pulmonary cells that could be attributed to the activity of constitutive NOS isoforms.
In summary, our results indicate that LPS injection induces a milder form of acute lung injury in iNOS-deficient mice than in wild type mice. Moreover, we found that positive nitrotyrosine staining can be detected even in the absence of iNOS expression. Finally, our data suggest that constitutive NOS isoforms normally expressed in pulmonary cells do not compensate for the absence of iNOS induction after LPS injection in iNOS-deficient mice.
